We detected the formation of formate (HCOOH/HCOO -) in solutions containing hydrated formaldehyde (CH 2 (OH) 2 ), HOOH, and Fe(III) or Cu(II). Formate formation increased significantly (ca. 5 times) when the solution underwent freezing and thawing. Although the reaction mechanisms are not clearly understood, we believe that the concentration effect of freezing enhanced the catalytic reactions between HOOH and Fe(III) or Cu(II) and the reduction of transition metals, i.e., Fe(III) to Fe(II) and Cu(II) to Cu(I). The concentration effect also enhanced reactions between Fe(II) and HOOH or Cu(I) and HOOH, which generated OH radical ("freeze-Fenton reaction"). We suspect that hydroxyl radical formed by the freeze-Fenton reaction probably oxidized CH 2 (OH) 2 and resulted in the formation of formate. Samples of identical compositions kept in the refrigerator did not form any formate except for the CH 2 (OH) 2 -Fe(III)-HOOH solution that formed a small amount of formate. Our study of the effects of pH on the CH 2 (OH) 2 -Fe(III)-HOOH solution (pHs between 1.5-5.0) showed that formate formation was the highest at pH = 4.0, indicating that the speciation of Fe(III) affected the formation of formate. Concentration-dependent experiments demonstrated that Fe is probably the limiting agent under typical environmental conditions.
INTRODUCTION
Formic acid (HCOOH) is a commonly found organic acid in the environment (Kawamura et al., 1985; Nolte et al., 1997) and it controls the acidity of cloud and rain in pristine regions of the troposphere (Chameides and Davis, 1983; Jacob, 1986; Andreae et al., 1988) . At remote locations, formate concentrations of (1-10) µM were observed (Galloway et al., 1982) . Hydroxyl radicals oxidize hydrated formaldehyde (CH 2 (OH) 2 ) and form formic acid following the reactions below (Chameides and Davis, 1983; Keene et al., 1983) . 
In the atmosphere, the temperature lapse rate is typically a 6.5°C decrease with every 1000 m height increase (Ahrens, 1991) . When the temperature of the ground is 25°C, the temperature of clouds at 6000 m above sea level (high cloud) is estimated to be -14°C. It is highly probable that portions of high clouds, like cirrus, are frozen at that height. Furthermore, winter fogs could be partially frozen. Water drops in high cloud and winter fogs may undergo not only wet chemical and photochemical reactions, but also reactions induced by freezing (e.g., nitrate formation from nitrous acid (Takenaka et al., 1992 (Takenaka et al., , 1996 ).
We have investigated the formation of formate (HCOOH/HCOO -) in freezing solutions of hydrated formaldehyde. Herein, we report a new source of formate in the freezing solutions of CH 2 (OH) 2 -metal-HOOH, where the metal = Fe(III) or Cu(II). Furthermore, we investigated several factors that could affect the amount of formate formed in CH 2 (OH) 2 -Fe(III)-HOOH solutions during the freeze-thaw process.
EXPERIMENTAL

Reagents
All reagents were used without further purification. All solutions were prepared using Milli-Q pure water (>18 MΩ cm, Millipore). No effort was made to maintain the concentration of dissolved O 2 ; thus, all of the solutions were assumed to be air-saturated.
Experimental procedure
Two sets of sample solutions were prepared on the same day and transferred to identical polypropylene vials (4.0 ml capacity). One set of solutions was frozen (-20°C) for 24 hours in the conventional freezer and thawed in the refrigerator (4°C), and the other set was kept in the refrigerator as controls for the same time period in order to elucidate the effects of freezing. The thawing process generally required 1.5 days. Concentration of HOOH (ca. 0.01M stock solution) was determined on the day of the experiment by measuring absorbance at 240 nm (ε 240 = 38.1M -1 cm -1 (Miller and Kester, 1988) ). The HOOH stock solution was diluted to make desired concentrations of HOOH. Concentrations of formate were analyzed by ion chromatography (DX-500, Dionex) with an anion exchange column (Ionpac AS11) using a mobile phase of NaOH(aq) with a concentration gradient ranging from 0.5 mM to 38.25 mM. (Heikes, 1992; Faust, 1994; Zhuang et al., 1992; Gunz and Hoffmann, 1990; Sakugawa et al., 1990; Lowe and Schmidt, 1983; Khare et al., 1997) . We observed the formation of formate only when CH 2 (OH) 2 , HOOH and metals (metal = Fe(III) or Cu(II)) co-existed, and we also found that the formation was significantly enhanced (approximately 5 times) when the solution underwent the freezing process ( proximately 20% of the frozen sample). We, thus, deduced that catalytic reactions on the surface of solution vial or ice in the freezing solution did not oxidize CH 2 (OH) 2 since we were not able to detect formate in all the frozen samples.
RESULTS AND DISCUSSION
Formation of formate
Since samples frozen for either three days or one day formed similar amounts of formate, we, thereby, concluded that the length of freezing (more than 24 hours) had little impact on formate formation. We also conducted freezing experiments in liquid N 2 (-195 .8°C) using CH 2 (OH) 2 -Fe(III)-HOOH and CH 2 (OH) 2 -Cu(II)-HOOH, and found that formate concentrations were, in both cases, approximately 40% of those conducted in the freezer (-20°C). The results indicate that a slower freezing process enhanced the oxidation of CH 2 (OH) 2 . We further investigated potential factors that could affect formate formation using CH 2 (OH) 2 -Fe(III)-HOOH solutions only since concentrations of Fe(III) are typically higher than Cu(II) in atmospheric waters (Arakaki, 1996) . Figure 1 illustrates the effect of pH on formate formation in the freezing solutions of CH 2 (OH) 2 -Fe(III)-HOOH. The pHs of the solutions were adjusted by adding appropriate amount of H 2 SO 4 . Formate formation showed a maximum concentration at pH = 4.0, appeared to be much lower in concentration at pH = 2.0, and near neutral at pH = 5.0 (Fig. 1) . The results suggest that the freezing effect on CH 2 (OH) 2 -Fe(III)-HOOH mixtures would be most significant in cloud, fog, and rain with pH values in the weak acidic range (Nagamoto et al., 1990; Galloway et al., 1982) . We do not currently have a complete explanation for the pH effects, but we suspect that they are the result of the speciation of Fe(III) in the solutions. For the conditions we tested, Fe(OH) 2+ dominates speciation at pH = 4.0 (Faust and Hoigné, 1990; Zuo and Hoigné, 1992) . Fe(OH) 2+ could be more susceptible to reduction reactions or more effective in catalytic reactions with HOOH than those of Fe 3+ and could potentially form Fe(II) which could further react with HOOH to form OH radical. It is suspected that at near-neutral pH (pH = 5.0), Fe(OH) 3 would precipitate due to the low solubility of iron, and less Fe would be available for a reaction with HOOH, resulting in lower levels of formate.
Effects of pH
Effects of concentration
The concentration dependence of HOOH and Fe(III) was investigated for concentration ranges typically ob- served in the troposphere (Faust, 1994; Zhuang et al., 1992; Gunz and Hoffmann, 1990; Sakugawa et al., 1990; Lowe and Schmidt, 1983) . When the HOOH concentration was fixed at 20 µM, increases in Fe(III) concentrations from 1.0 to 10.0 µM increased the formation of formate but appeared to reach a plateau (Fig. 2a) . Alternatively, when the Fe(III) concentration was fixed at 2.0 µM, increases in the HOOH concentration (up to 100 µM)
increased the formation of formate and reached a plateau (Fig. 2b) . Increasing concentrations of HOOH to more than 10 times that of the Fe(III) concentration did not form additional formate. The results suggest that the formation of formate is limited by the amount of Fe present in the freezing solutions. Considering typical concentrations of HOOH and Fe in natural water drops, we suspect that the formation of formate from this reaction is probably limited by the amount of Fe present in water drops in the free troposphere. Figure 3 shows that increasing the number of freezethaw cycles increases the formation of formate. The pH of the CH 2 (OH) 2 -Fe(III)-HOOH solutions was 4.0, and concentrations of Fe(III) ranged from 0.5 to 10 µM. Identical solutions kept in the refrigerator as controls formed only a small amount of formate (always less than 20% of frozen samples) for the same time duration. The results suggest that the water drops in high clouds or winter fogs, which could undergo repeated freeze-thaw cycles, are likely to be an efficient formate generator in the atmosphere. The results also suggest that, depending on the number of freeze-thaw cycles, the concentration of formate formed by freezing reactions could be several times greater than what would be formed in non-frozen water drops at a given Fe concentration.
Effects of repeated freeze-thaw cycles
Mechanisms of formate formation
Chemical reactions in the freezing process are complex. Finnegan et al. (1991) suggest that freezing causes an electric potential difference between ice and solution, and electrons are transferred to balance the charges. For our experimental conditions, if electrons are generated and transferred, most of the electrons would have been captured by dissolved O 2 and HOOH (because of their higher concentrations than those of the other constituents), generating O 2 -/HO 2 radicals. The O 2 -/HO 2 radicals could oxidize CH 2 (OH) 2 to formate. However, because freezing the solution containing HOOH and CH 2 (OH) 2 did not form any detectable formate, we concluded that the electron transfer was not the primary mechanism for the formation of formate. Takenaka et al. (1992 Takenaka et al. ( , 1996 considered several mechanisms for the HNO 2 oxidation reaction to form nitrate in the freezing solution, and concluded that concentration effects around ice crystals could be the primary mechanism. Their study found that HNO 2 was 2400 times more concentrated in the solution phase surrounded by the ice crystals and HNO 2 was oxidized by dissolved O 2 (Takenaka et al., 1996) . Takenaka et al. (1993) and Honda (2001) studied oxidation of H 2 SO 3 to H 2 SO 4 and concluded that O 2 had oxidized H 2 SO 3 . For our study, dissolved oxygen concentrations were not controlled and were assumed to be air-saturated. If oxidation of CH 2 (OH) 2 was caused by dissolved O 2 (concentrated in the unfrozen solution phase), then formate formation should have been observed in solutions without HOOH, Fe(III), and Cu(II). We only observed formate formation when CH 2 (OH) 2 , HOOH and Fe(III) or Cu(II) co-existed in the solution. Thus, we concluded that dissolved oxygen was not the primary agent oxidizing CH 2 (OH) 2 .
Based on the aforementioned observations, we have considered the following catalytic reaction pathways (Walling and Goosen, 1973; Stumm and Morgan, 1996; Laat and Gallard, 1999; Lee et al., 2003) as possible mechanisms assisting the formation of OH radicals, which subsequently oxidize CH 2 (OH) 2 to formate: Number of freeze-thaw cycles 
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The OH radical generated in reaction (5) reacts with CH 2 (OH) 2 and forms HCOOH as shown in reactions (1) and (2) in the introduction. We believe that reactions (3) and (4) are significantly enhanced by freeze concentration effects. The above sequences can also explain why a small amount of formate was observed in the CH 2 (OH) 2 -Fe(III)-HOOH solution, which, having been kept in a refrigerator, did not undergo the freezing. We tried to detect Fe(II) using ferrozine reagent (Gibbs, 1976 ) with a detection limit of 50 nM. We could not detect any Fe(II) in the "Fe(III) only" solutions either frozen or unfrozen for pHs between 2.0 and 5.6. Therefore, HOOH is considered to be an essential component in the reduction of Fe(III) to Fe(II) and the subsequent Fenton reaction shown in reaction (5). Our result is consistent with the earlier studies that showed freezing had no effect on the Fe(III)/Fe(II) equilibrium in the pH range of 2-5 (Sinner et al., 1994) .
Contrary to the photo-Fenton reaction (Zepp et al., 1992) that requires solar radiation to reduce Fe(III) to Fe(II), the freezing process does not require solar radiation. In our tests, since reactions (3) to (5) did not require light to reduce Fe(III) to Fe(II) and since these reactions are enhanced by freezing, we, thus, named this phenomenon the "freeze-Fenton reaction". In our experimental conditions, the amount of formate formed may underestimate the amount of OH radical formed since the formaldehyde solution (reagent grade, 35% solution) we used contained 5-10% methanol as a preservative. This preservative scavenged approximately 1/4-1/3 of the OH radical (reaction rate constants for hydrated HCHO and methanol are approximately equal) assuming that the methanol was also concentrated in the solution phase. It should be noted that since the reaction between methanol and the OH radical form HCHO and HO 2 radical, the overall reaction would not be changed due to the presence of methanol.
We also tried to detect OH radicals potentially formed by the "freeze-Fenton reaction" using benzene as an OH radical trap (Arakaki and Faust, 1998 ), but we could not detect any reaction product between benzene and OH radical (i.e., phenol). The reason, though not clearly understood, could be that not all of the chemicals were concentrated in the solution phase, and benzene might have actually been concentrated in the frozen phase. Also, since benzene is a volatile compound, benzene might have escaped from the sample solution during the freezing process, even though great care had been taken to minimize the volatilization. Further study is clearly needed to confirm the formation of the OH radical using different OH radical scavengers.
Despite some measure of ambiguity concerning the generation of OH radical in the freezing solutions, our study found that CH 2 (OH) 2 was oxidized to form formate in freezing solutions of CH 2 (OH) 2 -Fe(III)-HOOH and CH 2 (OH) 2 -Cu(II)-HOOH. Formate formation occurred only when CH 2 (OH) 2 , HOOH, and metal (metal = Fe(III) or Cu(II)) co-existed in the freezing solutions. Furthermore, we believe that this reaction is accelerated by the concentration effects caused by the freezing process. The results clearly suggest that oxidizing power (similar to that in the OH radical) was generated and that this generation was significantly enhanced by freezing solutions of CH 2 (OH) 2 , HOOH and Fe(III) or Cu(II). The freezeFenton reaction can also be considered as an additional oxidation mechanism affecting the stability and/or fate of chemicals in the atmosphere.
CONCLUSIONS AND IMPLICATIONS
In our experiments, we demonstrated that the freezing process can enhance the formation of formate in CH 2 (OH) 2 -metal-HOOH solutions under conditions relevant to actual environmental conditions. Our experimental results could help to understand the fate of organic compounds in the atmosphere, especially in high clouds, winter fogs, and rime ice, all of which probably undergo the freezing process. The amount of formate formed in actual environmental water drops will depend upon the fraction of OH radical scavenged by CH 2 (OH) 2 and, therefore, upon the importance of CH 2 (OH) 2 relative to other OH radical sinks. Furthermore, when clouds evaporate, the formate that is formed by the freezing reactions would be concentrated and would eventually vaporize, resulting in increased formic acid concentrations in the gasphase. Despite the ambiguous chemical reaction mechanisms in the freezing atmospheric liquid-phase, our results show that freezing reactions probably change chemical species in high cloud, winter fog, and freezing rain. Further data and analysis by computer simulations would be helpful in understanding the significance of the freezing process in the formation of formate not only in the troposphere, but also in the stratosphere. Since the oxidizing power in this new mechanism (similar to that in an OH radical) is generated by the freezing process and lack of solar radiation, the freeze-Fenton reaction could be even more significant to understanding the fate of dissolved chemical species in the atmosphere.
